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Abstract: Anaerobic digestion has been widely employed in waste treatment for its ability to capture
methane gas released as a product during the digestion. Certain wastes, however, cannot be easily
digested due to their low nutrient level insufficient for anaerobic digestion, thus co-digestion is
a viable option. Numerous studies have shown that using co-substrates in anaerobic digestion
systems improve methane yields as positive synergisms are established in the digestion medium,
and the supply of missing nutrients are introduced by the co-substrates. Nevertheless, large-scale
implementation of co-digestion technology is limited by inherent process limitations and operational
concerns. This review summarizes the results from numerous laboratory, pilot, and full-scale
anaerobic co-digestion (ACD) studies of wastewater sludge with the co-substrates of organic fraction
of municipal solid waste, food waste, crude glycerol, agricultural waste, and fat, oil and grease.
The critical factors that influence the ACD operation are also discussed. The ultimate aim of this
review is to identify the best potential co-substrate for wastewater sludge anaerobic co-digestion and
provide a recommendation for future reference. By adding co-substrates, a gain ranging from 13 to
176% in the methane yield was accomplished compared to the mono-digestions.

Keywords: anaerobic digestion; co-digestion; wastewater; biogas production; methane yield, sludge

1. Introduction

Many industries face difficulties in treating their high-strength wastewaters. These wastewaters
usually consist of a high chemical oxygen demand (COD) of more than 10,000 mg/L, or biochemical
oxygen demand (BOD) of more than 5000 mg/L. For instance, pineapple industrial wastewater and
palm oil mill effluent, generated at a rate of 0.5 to 0.75 tonnes per tonne of fresh fruit bunch, have a COD
of 50,000-80,000 mg/L [1,2]. These high-strength wastewaters need to undergo a series of treatment
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processes to meet the local allowable discharge limits. Anaerobic co-digestion (ACD) has been
recognized as an effective effluent treatment for industrial wastes, due to its ability to counter-balance
nutrient insufficiency and economic feasibility. ACD is a process of adding energy rich organic waste
materials to wastewater digesters in the absence of oxygen, as bacteria break down organic materials
and produce biogas. The most common processes involve a major amount of a main basic substrate,
for example, manure or sewage sludge, which is mixed and digested together with minor amounts of a
single, or a variety of additional substrate [3].

ACD has strong potential to contribute to both pollution control and energy recovery. One of
the major advantages of ACD is that it increases the efficiency of organic waste degradation and thus
biogas production. The capture of methane, which can be used as an energy source, is contributed
by diverting the wastes from landfills to wastewater treatment facilities. Co-digestion also forms an
ideal nutrient balance resulting in an increase of digestion performance and biogas yields. Because
of the use of co-substrates, which establish positive synergisms in the digestion medium, and act as
a supplier of missing nutrients, biogas yields are found to be improved from mono-digestion [4,5].
In addition, co-digestion gives a diversion opportunity to reduce landfill space, besides aiding most
municipalities to achieve their recovery goals. Therefore, wastewater treatment facilities can expect to
see a cost savings from incorporating wastes into anaerobic digesters with mono-digestion systems.
These include reduced-energy costs resulting from production of on-site power from biogas yields.

While there have been many studies on the advantages of ACD over mono-digestion [6], and its
effective outcome in treating waste, little to no research has reviewed the feasibility of various
co-substrates associated with their influential factors on co-digestion, and their optimum operating
conditions. Although co-digestion carries numerous benefits, many researchers have still encountered
difficulties in performing co-digestion, which have sometimes led to system upset, mainly due
to inappropriate substrate ratios and operating conditions. This challenge was demonstrated by
Wan, et al. [7], who reported a digestion failure when adding 75% or more of fat, oil and grease feed,
which may have caused acidification of the digester. This is also supported by Astals, et al. [8],
who reported system upset resulting in low methane yield when incorporating more than 4% of crude
glycerol into the digester. Wan, et al. [7] further added that a relatively short hydraulic retention
time (HRT) of ten days employed might also contribute to the digestion failure, due to washout of
microorganisms during removal of treated wastewater.

Despite the possible disadvantages of ACD, which likely have occurred through lack of knowledge
of ACD practice, this review discusses how results from numerous laboratory, pilot, and full-scale
ACD studies can be used to address the feasibility and potential of different co-substrates used
for ACD using domestic wastewater sludge as the main substrate. The review starts with the
summaries and discussions of the anaerobic co-digestion results from recent literature, and ends with
a comparative analysis to identify the best co-substrate for the ACD of wastewater sludge. At the end,
a recommendation on how the anaerobic co-digestion can be integrated into a wastewater treatment
plant (WWTP) is presented. This review aims to serve as a guideline for other researchers to achieve
optimum operating conditions for co-digestion leading to minimal operational problems and maximum
biogas production.

2. Potential Co-Substrates for Anaerobic Co-Digestion of Wastewater Sludge

In a wastewater treatment plant, wastewater sludge such as sewage sludge, waste activated
sludge, and thickened waste activated sludge, are usually sent to an anaerobic digester to remove solids
and generate biogas. As shown in Table 1, the potential co-substrates used in anaerobic co-digestion of
wastewater sludge are identified to be the organic fraction of municipal solid wastes (OFMSW), food
waste (FW), agricultural wastes (AW), crude glycerol (CG), and fat, oil and grease (FOG). In order to
achieve the optimal carbon-to-nitrogen (C/N) ratio for anaerobic digestion, which is around 20-30 [9],
wastewater sludge with a low C/N ratio of 6-10 can be co-digested with the co-substrate with a higher
C/N ratio to counterbalance the nutrients and avoid inhibition that leads to system instability.
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Table 1. Carbon-to-nitrogen (C/N) ratio of the primary and co-substrates reviewed in this study.

Common Primary Wastewater Substrates C/N Ratio  Ref.
Sewage sludge (SS) 6-10 [10]

Waste activated sludge (WAS) 10 [11]
Thickened waste activated sludge (TWAS) 6-9 [12]
Common Co-Substrates Example C/N Ratio  Ref.

Organic fraction of municipal solid wastes (OFMSW) 11-21 [13]
Food waste (FW) 11-15 [14]
Agricultural wastes (AW): Rice straw 50-53 [12]
Potatoes 35-60 [12]

Corn stalks/straw 50-56 [12]

Sugar cane/bagasse 140-150 [12]

Sugar beet 35-40 [12]

Grass/trimmings 12-16 [12]

Fallen leaves 50-53 [12]

Horse manure 20-25 [12]

Pig manure 6-14 [12]

Cow dung 16-25 [12]

Crude glycerol (CG) 68 [15]

Fat, oil and grease (FOG) 22 [71

2.1. Organic Fraction of Municipal Solid Waste (OFMSW) and Food Waste (FW)

Municipal solid waste consists of diverse, discarded items such as product packaging, grass
clippings, furniture, clothing, bottles, food scraps, newspapers, appliances, paint, and batteries,
originating from residential, commercial and institutional locations [16]. The U.S. Environmental
Protection Agency’s (EPA) definition of municipal solid waste, however, does not include industrial,
hazardous, or construction and demolition waste [16]. The organic fraction of municipal solid waste
on the other hand, can be defined as the biodegradable fraction consisting of food waste, kitchen waste,
leaf, grass clippings, flower trimmings and yard waste, of which food waste occupies the highest
proportion [17].

The C/N ratio of OFMSW is around 11-21, and moisture content around 70-82% [13]; whereas for
food waste, the C/N ratio is around 11-15 [14] and moisture content of 82-86% [18]. Because of its
high biodegradability and suitable C/N ratio, OFMSW and food waste are potential co-substrates for
anaerobic digestion. Fruit and vegetable waste, on the other hand, is a source-selected food waste
consisting of only waste fruits and vegetables.

Table 2 shows the summary of studies utilizing OFMSW, FW or FVW as co-substrates for the
anaerobic co-digestion of wastewater sludge. Cabbai, et al. [19] demonstrated an improvement of
16% and 48% in methane yield when co-digesting sewage sludge with FVW and FW in a volatile
solids (VS) ratio of 1:0.23 and 1:2.09, respectively. However, the VS removal reduced by 25-40%.
Dai, et al. [14] showed an increase in methane yield from 25% to 67%, and VS removal from 51% to
70%, when the VS ratio of dewatered sludge and FW decreased from 2.4:1 to 0.4:1. These two studies
indicated that a higher portion of the FW/FVW co-substrate brought about enhancement in methane
yield compared to mono-digestion of wastewater sludge alone. This meets expectations, because FW
contains higher biodegradable substrates for anaerobic digestion compared to sewage sludge, which is
quite refractory to hydrolysis [20]. The limitation of using FW as a co-substrate is in the monitoring
of the Na* and free-ammonia nitrogen (FAN) contents in the substrate, which needs to be less than
4 g L7! for Na* [14] and 600 mg/L for FAN [21] to avoid system instability. Excess Na* could interfere
with the metabolic process of the microbial activity [22], and excess FAN could lead to volatile fatty
acid (VFA) accumulations [21].

Co-digesting wastewater sludge with OFMSW under mesophilic conditions was shown to achieve
a methane yield enhancement of 59% and 89% in Silvestre, et al. [23] and Cavinato, et al. [24],
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respectively. The methane yield enhancement reached 233% when the co-digestion occurred under
thermophilic conditions [24].

Their results contradict Al bkoor Alrawashdeh, et al. [25] who showed a 44% reduction of
methane yield when the sewage sludge was co-digested with OFMSW. The same study [25] showed
that anaerobic digestion of waste untreated sludge alone gave the highest methane yield and VS
removal compared to treating waste activated sludge or co-digestion with OFMSW. Despite similar
VS and C/N ratios of the wastewater sludge and OFMSW, the differences in the methane yield
enhancement and VS removal could be due to the heterogeneous OFMSW sample used in the
experiments. In Silvestre, et al. [23] and Cavinato, et al. [24], the OFMSW came from a municipal
solid waste facility, whereas in Al bkoor Alrawashdeh, et al. [25], the OFMSW originated from
pre-selected household waste. Nevertheless, co-digestion with OFMSW generally aids in methane
yield, as the higher C/N ratio, VS and COD concentration of OFMSW (in the ranges of 17-36, 20-30%,
and 207-641 g/kg, respectively) could counterbalance the organic matter and nutrient deficiencies in
sewage sludge during anaerobic co-digestion, thus improving the metabolic activity of the biomass,
and, as a consequence, the enhancement in methane yield [26-28]. However, in order to incorporate
OFMSW as a co-substrate for sewage sludge anaerobic co-digestion, it is strongly recommended
that the impurities in the OFMSW be removed prior to the anaerobic co-digestion process to avoid
hydrodynamic problems, and blockage of the pump system [28].
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Table 2. Summary of studies utilizing FW, FVW or OFMSW as co-substrate in anaerobic co-digestion of wastewater sludge.

i ixi 3 VS R 1 (% Methane Yield (L CH; g1 VS
sPrllpnlar{ Co-Substrate 1 I;flf.m§ (i\//[ (l)de ) T4 HRT (d) OEE é%}])s emoval (%) ethane Yield ( 48 added) Ref.
ubstrate atio olume Mono Co Improved % Mono Co Improved (%)
M 8 35 - 42 - - 0.18 -
1  Sewage sludge FW 60:40 VS C@#L) T-M 7 61 } 45 ) } 020 ) [29]
Dewatered 2.4:1VS 51 34 0.30 25
2 sludee FW 0.9:1Vs C(L) M 30 4-6 38 62 63 0.24 0.35 46 [14]
& 0.4:1VS 70 84 0.40 67
1:0.23 VS 17 30 —40 0.29 18
3 Sewage sludge FVW + FW 12,09 VS B(12L) M 2% - 50 40 o5 0.25 0.37 47 [19]
4  Sewage sludge FVW 100:20 V C(100L) M 10-14 21 22 24 9 - 0.38 - [30]
Waste activated 50:50 V M 23.5 1.6 - - 0.17 89
5 sludge OFMSW C(380L) T 22.3 1.66 - - 0.09 0.30 233 [24]
6  Sewage sludge OFMSW 46:54 VS C(.5L) M 20 19 36 70 94 0.22 0.35 59 [28]
Waste activated 70:30 W 58 -11 0.22 -12
7 sludge OFMSW 50:50 W B(@0.2L) M 100 - 65 58 1 0.25 0.14 _a4 [25]
Waste untreated 70:30 W 66 -8 0.29 -34
8 sludge OFMSW 50:50 W B(0.2L) M 100 - 72 60 _17 0.44 028 _36 [25]

1 Co-substrate: FW, food waste; FVW, Fruit and vegetable waste; OFMSW, the organic fraction of municipal solid waste. 2 Mixing ratio: V, by volume, VS, by volatile solids; W, by weight.
3 Mode: B, batch; C, continuous. 4 T, Temperature: M, mesophilic (28-38 °C); T, thermophilic (40-56 °C).
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2.2. Crude Glycerol

Crude glycerol, the main byproduct from biodiesel production, is a high-strength organic matter
with an average COD of 1,200,000 mg/L and BOD of 97,080 mg/L [15]. It consists of glycerol,
alcohol, salts, water, free fatty acids, heavy metals, methyl esters, and unreacted mono-, di-, and
tri-glycerides [31,32]. The transesterification process produces biodiesel and crude glycerol at a
volumetric ratio of 10:1 [33]. In 2011, with a total of 5.1 million tonnes of glycerol produced, only 40%
were used, with the remaining 3 million tonnes a surplus. It is estimated that the global production of
glycerol will reach 7.66 million tonnes in 2020 [34]. Therefore, glycerol management and its associated
waste or value-added technologies play an important role.

The use of crude glycerol is limited because of the impurities, which affect its physical, chemical
and biological properties [35]. There are currently two consumer markets for glycerol, the first being
the already-existing market with the demand for high-purity glycerol, and the second being the use of
lower-purity crude glycerol from biodiesel production. Due to limited market demand of the latter,
biodiesel-producing industries are treating crude glycerol as industrial waste [35]. There are, however,
some other industries not engaging in biodiesel production who are looking for alternative routes for
crude glycerol as a raw material in other products [36].

One of the uses of crude glycerol is as a co-substrate for anaerobic digestion of low-strength wastes.
Crude glycerol is difficult to treat biologically, due to its low nitrogen content and extreme pH; however,
due to its high carbon content and anaerobic biodegradability, it can be used as a co-substrate in the
anaerobic digestion of low-strength wastes/wastewater, such as sewage sludge. The high alkalinity
level of crude glycerol with a pH of 10.3 [37], can also act as a buffer for acidic waste.

Table 3 shows the studies using crude glycerol as the co-substrate in anaerobic co-digestion
of wastewater sludge. When 1 vol% of crude glycerol was added to the anaerobic co-digestion of
sewage sludge, the methane yield was increased by 115% in Fountoulakis, et al. [38], and 176% in
Rivero, et al. [39], resulting in 0.56 and 2.1 L CHy g™! VS,44ed, respectively. The high methane yield in
the latter was due to the use of optimized two-stage anaerobic digestion processes (acidogenic and
methanogenic) and chemically pre-treated sewage sludge [39]. Despite the decrease in VS removal,
dos Santos Ferreira, et al. [40] showed that the optimum crude glycerol addition was 0.5 vol% to
achieve 73% enhancement in methane yield. The pilot-scale study by Razaviarani, et al. [41] showed
that the optimum organic loading rate should be around 1.04 g VS L~ d~!, corresponding to 1.1 vol%
of glycerol addition to avoid process instability. Most of the studies were limited to using 1 vol% of
crude glycerol as the co-substrate, as a higher dosage would result in reduction in alkalinity and thus,
VFA accumulation and methanogen inhibition [41].
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Table 3. Summary of studies using crude glycerol as a co-substrate in anaerobic co-digestion of wastewater sludge.

7 of 21

Primary Co- Mixing Mode 2 OLR (g VS VS Removal (%) Methane Yield (L CHg g1 VS,44eq)
Substrat Substrat Ratio | Vol T2 HRT@ 7o) Ref.
ubstrate ubstrate atio (Volume) Mono Co Improved % Mono Co Improved (%)
Sewage sludge  Crude glycerol 99:1V C@L) M 23-25 - =79 =32 60 0.26 4 0.564 115 [38]
Sewage sludge  Crude glycerol 98.9:1.1V SC (1200 L) M 20 1.04 42 52 24 0.62 0.87 40 [41]
13 1.94 0.92 21
Pre-treated 11 211 0.88 16
sewage sludge Crude glycerol 99:1V SC(OL) M 9 226 88-92 - 0.76 0.98 29 [39]
9 1.00 2.10 176
Primary sludge  Crude glycerol 124:2-6 W C4L) M 32 1.25-1.9 - - - 0.35 0.55-0.75 57-114 [42]
99.5:0.5 W 53 62 17 0.40 0.36 -10
Sewage sludge  Crude glycerol 982 W C(0.85L) M 17 1.81-3.68 55 75 36 0.38 0.34 11 [43]
Sewage sludge  Crude glycerol 98.8:1.2V C(5L) M 20 12 36 57 58 0.22 0.29 31 [23]
99:1V 8 -75 0.010 -78
99.7:03V 21 =35 0.062 38
Sewage sludge  Crude glycerol 99.5:05 V B (0.05L) M 15-30 - 32.5 19 10 0.045 0.078 73 [40]
99.3:0.7V 16 -51 0.064 42

! Mixing ratio: V, by volume, VS, by volatile solids; W, by weight. 2 Mode: B, batch; C, continuous; SC, semi-continuous. 3 T, Temperature: M, mesophilic (28-38 °C); T, thermophilic
(40-56 °C). * Taking VS of crude glycerol as 800 g/L (averaged from [37,42,43]) unless specified.
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A proper amount of crude glycerol added (1-1.2 vol% [23]) may aid in the specific biomass activity,
as the degradation of crude glycerol results in the formation of more acetate, hydrogen, and propionate
and, as a consequence, enhance the methane yield [23].

2.3. Agricultural Wastes

Agricultural waste (also called agro-waste) includes animal waste, food processing waste,
crop waste, and hazardous and toxic agricultural waste [44]. Rice husks, coconut husks and shells,
wheat straw, sugarcane fiber, and groundnut shells are examples of the most common agricultural plant
residues. Animal waste includes cattle, pig and chicken manures. The major characteristics of manures
are often associated with high nitrogen content and the presence of easily-formed sulfur, ammonia,
and hydrogen sulfide gasses. Hence, mono-digestion of manures bring about excessive nutrients and
organic matter in the digester, thus inhibiting the production of methane. However, due to its high
nutrient content, it is a potential co-substrate for the main substrate with low nutrient content such as
sewage sludge. Although most agricultural residues or energy crops are lignocellulosic biomasses,
with carefully designed operating conditions, the anaerobic digestion process of these biomasses may
have the ability to promote methane from hemicellulose, which destabilizes the recalcitrant biomass
structure, allowing for improved solubilization of cellulose by commercial enzymes in the downstream
processes [45,46]. Mono-digestions of other agricultural waste, especially farm waste, have been
demonstrated to be successful [6,47]. Therefore, due to its large availability and variety, agricultural
waste could be a potential co-substrate for anaerobic co-digestion of wastewater sludge.

Table 4 summarizes the studies using agricultural waste as co-substrates for wastewater sludge
anaerobic co-digestion. Sugar beet pulp, olive and grape pomaces, paper pulp reject, cheese whey,
sheep manure, and brewery spent grain were utilized. The use of 50 vol% of paper pulp reject was
able to boost up to 131% of the methane yield compared to sewage sludge-anaerobic digestion alone,
due to its mostly cellulose nature in powder form, which resulted in faster hydrolysis [48]. The use of
5 vol% and 10 vol% cheese whey were also shown to improve methane yield by 44% [49] and 121% [50],
respectively. This enhancement is likely due to the improved C/N ratio of the feedstock mixture [51].
Maragkaki, et al. [50] compared the use of different co-substrates with a ratio of 5-10 vol% using grape
residue, sheep manure, cheese whey, with crude glycerol and food waste for sewage sludge-anaerobic
co-digestion. They found that crude glycerol was the best co-substrate, followed by food waste, which
was comparable with cheese whey, and lastly grape residue. Sheep manure was found to yield no
improvement, and deteriorated methane yield and VS removal [50]. Co-digesting sewage sludge with
acid cheese whey was also found to have negligible improvement. However, with both acid cheese
whey and brewery spent grain at a sewage sludge: acid cheese whey ratio of 89: 11, and an acid cheese
whey: brewery spent grain ratio of 10 g: 1 L, a methane yield enhancement of 56% was achieved [52].
Thus, selection of a suitable co-substrate and optimization of the operating conditions according to the
properties of the main substrate remains to be the major challenge before these co-substrates can be
utilized in a WWTP.
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Table 4. Summary of studies using agricultural wastes as co-substrate in anaerobic co-digestion of wastewater sludge.

9 of 21

. . 2 ()0 . -1
sPrl;nlariz Co-Substrate 1\&[11?11% M(l)de T3 HRT (@) OE_Ii g;_}l)s VS Removal (%) Methane Yield (L CHy g7 VS,4ded) Ref
ubstrate atio (Volume) Mono Co Improved % Mono Co Improved %
30 11 0.17
20 1.2 0.10
Sewage sludge  Sugar beet pulp - SC(L) M 15 1.8 - - - - 0.16 - [53]
10 2.1 0.34
6 5 0.06
Wasﬁj;;;’ated Olivepomace ~ 5050W  B(l6L) M 30 - 0 45 125 016 021 31 [54]
Sewage sludge Cheese whey 95:;5V B (180 L) M 24 1.1 19 25 32 0.25 0.36 44 [49]
Primary sludge Pali:jreftulp 50:50 V B(075L) M 13 - - - - 0.16 0.37 131 [48]
Waste activated  Olive and grape ; B(1.61) M 30 - 35  52-55 49-57 0.06 0.07 17 [51]
sludge pomaces
Grape residue 95:5V C@3L) 1 46 41 -11 0.17 0.22 29
Sewage sludge Sheep manure 95:5V C@3L) M 24 1.3 38 25 -34 0.17 0.14 -21 [50]
Cheese whey 90:10 V Cc(@rL) 0.8 43 27 -37 0.14 0.31 121
Ac‘i‘]’lhzhefse 90:10 V * 20 175 34 40 18 0.27 0.26 -4
Sewage sludge brewer ys ent 919V * SC (40 L) M 18 2.9 34 42 24 0.27 0.27 0 [52]
gr;]inp 89:11V * 16.7 2.35 46 46 0 0.18 0.28 56

1 Mixing ratio: V, by volume, VS, by volatile solids; W, by weight; * Sewage sludge: Acid cheese whey: 90:10 V at a brewery spent grain mass: feedstock volume ratio of 10 g: 1 L. 2 Mode:
B, batch; C, continuous, SC, semi-continuous. 3 T, Temperature: M, mesophilic (28 to 38 °C); T, thermophilic (40 to 56 °C).
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2.4. Fat, Oil and Grease (FOG)

Fat, oil and grease is a term commonly used to describe lipid-rich waste material primarily from
edible oil producers, food processing industries, slaughterhouses, and food wastes [55]. It can be
grouped as grease trap, waste cooking oil (yellow grease), and interceptor wastes (brown grease)
consisting of yellow grease, water and food solids [56]. Since FOG has the tendency to accumulate
on pipe walls through a physical or chemical aggregation process, the direct discharge of FOG into
municipal wastewater collection systems is illegal in many countries, because it would cost the
municipalities a large amount of money in cleaning and maintenance [57]. Therefore, the current
best treatment method for waste FOG is separate collection for recycling (to be used for biodiesel),
or proper disposal.

FOG constituents include biodegradable lipids which present as neutral fats (i.e., triglycerides),
and saturated or unsaturated long chain fatty acids (LCFAs) [58,59]. Generally, lipids in FOG are first
hydrolyzed to glycerol and LCFAs in the anaerobic digestion process. Subsequently, LCFAs can be
degraded anaerobically to acetate via 3-oxidation pathways to short-chain fatty acids, acetate, hydrogen,
and methane; whereas glycerol is degraded to acetate. These acetates are then anaerobically degraded
to methane [57,60]. Since the degradable fraction of lipids is higher than the mainstream carbohydrate
and proteins present in sewage sludge, anaerobic digestion of FOG theoretically could generate higher
biogas production [61]. Although FOG is regarded as an energy, value-added material, and recognized
as an advantage for incineration and biodiesel generation processes, anaerobic co-digestion with FOG
is considered a proper treatment method, because it requires insignificant pre-treatment, and produces
higher amounts of biogas [62,63].

Studies utilizing FOG as co-substrate in wastewater sludge anaerobic co-digestion are summarized
in Table 5. Co-digestion studies with FOG are relatively more complete and established than other
co-substrates discussed earlier. Results show a notably-improved methane yield ranging from 13
to 198%. Most of these studies showed that about 50:50% of sewage sludge and FOG to grease trap
waste on a VS basis offered comparatively higher methane yield, achieving close to 0.50 L CHy/g
VSadded [64,65]. Higher than that (e.g., more than 60 VS% of FOG/grease trap waste) would result
in biomass aggregation and thus, create a mass transfer limitation due to LCFA accumulation on
and in the biomass aggregates [65,66]. The high LCFA content in the FOG/grease trap waste due
to degradation of lipid-rich materials, is a known inhibitor of methanogenic bacteria, which would
usually cause a lag between LCFA degradation and methane production [67], and lead to operational
problems such as clogging and scum formation. Co-digesting with sewage sludge helps in diluting
the inhibitive LCFA [4,64]. Due to the carbohydrate and/or protein content in the sewage sludge,
such inhibition could be alleviated [68].

3. Factors Influencing Co-Digestion Performance

Several factors affect the functioning of anaerobic digesters and feasibility of co-digestion where
sufficient control is needed to prevent reactor failure. A few of the major influences that greatly affect
digester performances in co-digestion are mixing, co-substrate mixing ratio and nutrient balance,
operating temperature, organic loading rates (OLR), and hydraulic retention time (HRT) in the digester.
Based on the results as seen in Tables 2-5, these factors are further analyzed, reviewed, and discussed
in the following sections to gain deeper insight and consideration for future research. Summarized
optimum operating conditions are also presented.
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Table 5. Summary of studies utilizing FOG as a co-substrate in wastewater sludge co-digestion.

Primary Co- Mixing Mode 3 4 OLR (g VS VS Removal (%) Methane Production (L CHy g~1 VS,44eq)
Substrate  Substrate ! Ratio 2 (Volume) T HRT (@ L1d™ Ref.
Mono Co Improved % Mono Co Improved %
90:10 VS B(2L) 37 - - - - 0.29 0.38 31
Sewage 75:25 VS B(2L) 37 - - - - 0.29 0.42 45
1 sludge GTS 40:60 VS B(2L) M 37 - - - - 0.29 0.60 107 [69]
90:10 VS C@35L) 13 25 45 55 22 0.24 0.27 13
70:30 VS C(35L) 13 24 45 58 29 0.24 0.30 25
Sewage . M 12 25 45 79 0.21 0.64 198
2 sludge FOG 5248 VS cen T 13 245-4.35 25 51 66 0.25 0.67 169 (701
95:5VS 1.95 0.37 34
80:20 VS 2.19 0.44 59
72:28 VS 2.8 0.44 60
Sewage : )
3 dge GTS 62:38VS  SC(4L) M 16 3.13 - - - 0.278 0.45 61 [64]
54:46 VS 3.46 0.46 67
45:55 VS 4.01 0.32 14
29:71 VS 441 0.32 13
Sewage 96:4 VS 1.2 46 28 0.25 12
4 sludge GTS 77:23 VS SC((.5L) M 20 1.6 36 52 44 0.22 0.33 48 [71]
63:37 VS 1.7 56 56 0.29 33
5 Th;i,ljfged FOG 36:64VS  SC(2L) M 15 2.34 40 57 43 0.25 0.60 137 71
93:7 VS C(200L) 30 1.8 43 48 0.16 -32
83:13VS  C(200L) 24 2 36 24 0.29 26
85:15 VS C@34L) 25 1.7 42 45 0.29 23
Thickened 78:22 VS C@34L) 26 1.6 42 45 0.26 11 -
6 WAS Gw 66:34 VS C(34L) M 25 1.4 » 39 35 023 0.35 51 (631
48:52 VS C(34L) 24 1.2 44 52 0.48 107
26:74 VS C(34L) 24 1 33 14 0.40 72
13:87 VS C((34L) 25 0.8 17 —41 0.14 —-40
88:12
Sewage %O 2]3 1.2 46 -8 0.25 15
7 sludge GW CcoD C(L) T 20 2.1 50 45 -10 0.22 0.23 6.5 [72]
63:37 1.9 44 -12 0.20 -6.5
COD
80:20 VS 74 4 0.43 35
Thickened 60:40 VS 74 4 0.45 43
8 WAS FOG 40:60 VS B(0.25L) T 60 - 71 76 7 0.316 0.49 56 [73]
20:80 VS 47 -33 0.10 —68

11 of 21

1 Co-substrate: GTS, grease trap sludge; FOG, fat oil and grease; GW, grease waste. 2 Mixing ratio: VS, by volatile solids; COD, by COD. 3 Mode: C, continuous; B, batch; SC,

semi-continuous. # T, temperature: M, mesophilic (28 to 38°C); T, thermophilic (40 to 56°C).
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3.1. Mixing

Mixing provides a good contact between microbes and substrates, improves the ability of bacterial
population to obtain nutrients, and promotes homogenous feed to the digester. Mixing also reduces the
forming of inhibitory intermediates such as scum, and stabilizes digestion conditions by preventing
the development of temperature gradients [74]. Pockets of material may weaken the overall rate of the
process at different stages of pH and temperature when mixing is inadequate. Mixing can be done
through mechanical mixing, biogas recirculation, or through slurry recirculation [75]. Mixing also
improves gas production compared to unmixed digesters [76]. This has been proven in the study
performed by Rizk, et al. [77], in which ACD of wastewater treatment plant sludge and the OFMSW
with no mixing system in a 70 L reactor under mesophilic conditions showed that most biogas and
methane generated only at the first month of operation. This suggests that a mixing system needs to
be installed in the digester, particularly in co-digestion, to ensure a sufficient homogeneity besides
improving digester performance.

The effects of varying mechanical mixing conditions on co-digestion operations studied by
Stroot, et al. [78] affirmed that a low mixing state (80 rpm) is more effective than a high mixing speed
(200 rpm). This is because excessive mixing can interrupt the microorganisms in their ability to
digest. This indicates that setting an optimum mixing speed is essential, as it could substantially
affect the digestion and biogas production rates. However, Karim, et al. [76] mentioned that mixing
during the start-up is not beneficial, because it lowers the digester pH, resulting in performance
instability, and leading to delays in the start-up period. Hence, pH should be considered to obtain a
suitable condition in the digester during mixing for the best digester performance. Some studies have
also affirmed that intermittent mixing, known as semi-continuous mixing, is better than continuous
mixing. Unlike continuous mixing, which breaks the syntrophic relationship between acetogens
and methanogens [79], semi-continuous mixing provides sufficient time for microbial growth, which
then enhances the mass transfer from the liquid-to-gas phase, and ultimately increases the methane
yield [80]. Apart from the common impeller driven mixing method to aid mass and heat transfer, some
novel mixing innovations have also been developed, such as the Pneu-mechanical mixer [81] and biogas
recirculation using a new ‘O’ shaped diffuser design [79], which contributes to the synergistic effect of
carbon dioxide acidification and, thus, reduces digester pH, ammonia control and methane enrichment.

3.2. Co-Substrate Mixing Ratio and Nutrient Balance

The C/N ratio represents the correlation between the amount of carbon and nitrogen present in
organic matter. This ratio is the balance of food that a microbe needs to grow in order to perform
digestion of organic matter. The optimum C/N ratios in anaerobic digesters are usually between 20:1
and 30:1 [82]. A rapid utilization of nitrogen by the methanogens results in a lower gas production,
and this is indicated with a high C/N ratio. Conversely, a lower C/N ratio causes the ammonia
deposition and pH to surpass 8.5, which is considerably toxic to methanogenic bacteria. Therefore,
to achieve an ideal ratio of C/N in the co-digestion, it is suggested to have a mixture of waste with a
low and high C/N ratio.

Various mixture ratios often substantially affect the outcomes, as the ratio reflects the nutrient
balance in it. Anideal mixing ratio for OFMSW is recommended within 20-50 vol% to achieve optimum
nutrient balance in the digester (Table 2). This recommendation has been verified by Heo, et al. [83],
who conducted ACD of food wastes with sludge at a 50:50 ratio. The mixture of a high and low C/N
ratio resulted in an improved ratio from 6 to 16. Although the obtained C/N ratio of 16 is considered
below optimum, this improved ratio tended to have an overall better digestion performance in terms
of effluent volatile solids concentration, buffer capacity, and methane production.

An optimum substrate mixing ratio for crude glycerol is relatively low at 0.5-1.2 vol%, as shown
in Table 3. This is due to a high C/N ratio of crude glycerol at 68, indicating that a rapid consumption of
nitrogen by the methanogens leads to low biogas production if added in high concentration. To ensure
stable operation, the addition of glycerol should not exceed 4% under mesophilic conditions, to avoid
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adding excess nitrogen, which will trigger the generation of high acetic acid, eventually causing a
decrease in pH. This would then cause the methanogens to consume for a longer period to adjust and
overcome the pH, hence reducing methane production.

The substrate mixing ratio for agricultural wastes, on the other hand, is suggested within
5-50 vol% based on Table 4. The range appeared to be large as it is dependent on the selection of
pairing substrates. Conversely, it is advised to keep the digestion ratio for FOG within 5-60 VS%
to avoid an overly low or high C/N ratio based on Table 5. This is because the C/N ratio for FOG is
variable depending on the type of FOG existing in either grease traps, waste cooking oil, or interceptor
wastes forms. The C/N ratio for FOG can be as low as 9 or as high as 15. Hence, it is safe to start the
ratio at approximately 50% for stable methane improvement without excessive or insufficient nutrients.

3.3. Operating Temperature

Co-digestion treatment under both mesophilic and thermophilic conditions are feasible depending
on the substrates. Numerous researchers have highlighted the significant effects of temperature on the
microbial community, process kinetics, and stability and methane yield. Lower temperatures during
the process are known to decrease microbial growth, substrate utilization rates, and biogas production.
Lower temperatures may also result in an exhaustion of cell energy, a leakage of intracellular substances
or complete lysis [84,85]. Although higher temperatures allow a reduced volume of waste mass in
small reactors, making it more effective in minimizing lipids, and could accommodate higher loading
capacity, it also could result in lower biogas yield. This is due to the production of volatile gases such
as ammonia, which suppress methanogenic activities [86]. Therefore, it is suggested that different
temperature conditions are required to match with different substrates, due to the characteristics of
each substrate.

A thermophilic condition is recommended as favorable for the OFMSW. This finding has been
proven by Li, et al. [87] and Kim, et al. [29], who performed ACD of food waste OFMSW under a
thermophilic condition, and observed a better performance than conventional the mesophilic process
for methane production and digestion capability. Similarly, the study conducted by Lee, et al. [88]
showed that a thermophilic condition is more favorable compared to mesophilic and hyperthermophilic.
This may be the result of the slow adaptation of microorganism, which are likely to be degraded,
and release nutrients under a hyperthermophilic condition, leading to the overall inhibition of
methane production.

Likewise, a mesophilic condition is ideal for the ACD with crude glycerol. As the crude glycerol
has a high alkaline level at pH averaging 10.3, it is usually co-digested with acidic waste to form a
neutral pH. However, when the temperature increases, acetate is the first acid to increase. Subsequently,
the more acetate formed, the more the main part of VFA concentration constrains methanogenic
bacteria [89]. Various researchers, including Fountoulakis and Manios [90], Fountoulakis, et al. [38] and
Rivero, et al. [39], have also demonstrated a significantly higher increase in methane under mesophilic
with an average increase ranging from 115% to 176%, as reflected in Table 3.

As for co-digesting with agricultural waste (Table 4), most of the studies which can be found were
operating under mesophilic conditions [6]. It was demonstrated in some studies that a thermophilic
condition was beneficial for degradation of some agricultural plant residue waste such as maize [91],
rice straw and risk husk [92]. However, a mesophilic condition is a better option for ACD with manures
to overcome ammonia inhibition. According to Zeeman, et al. [93], ammonia increases with the increase
of pH and temperature. Hence, the thermophilic condition will result in a higher concentration of free
ammonia, which is regarded as an active component causing ammonia inhibition. This would result in
higher VFA concentration, which negatively affects the activity of methanogenic bacteria and, hence,
achieves a low methane yield.

On the other hand, ACD of FOG is more suitably treated under a mesophilic condition. A major
concern of FOG is primarily the harmful effect of long-chain fatty acids on methanogenic bacteria,
which coats the bacteria in a layer and constrains cell access to substrates, resulting in poor release of
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biogas [94-96]. Although the thermophilic condition allows the accessibility of lipids to microorganisms,
and their lipolytic enzymes caused by the increased diffusion coefficients and lipid solubility in aqueous
media, this has not been the case in recent studies. As evidenced in Table 5, Kabouris, et al. [70] showed
that a mesophilic condition could achieve a greater improvement at 198% of methane yield compared
to thermophilic at 169%. These results indicate that a thermophilic condition may increase nutrient
release, and thermophilic bacteria may be more sensitive to LCFA inhibition than mesophilic bacteria.
In addition, a thermophilic operation does not always offer sufficiently higher volatile solids reduction
to justify the cost associated with the increased energy for heating.

3.4. Organic Loading Rate (OLR) and Hydraulic Retention Time (HRT)

OLR, a crucial parameter, describes the amount of volatile solids to be fed into the digester
each day. Volatile solids signify the amount of organic solids that can be digested, while the remaining
solids are non-degradable. The optimum OLR and HRT often depend on the type of substrates fed into
the digester, since the substrates determine the activity level of biodegradation that will occur in the
digester. ACD with OFMSW or food waste is suitable for treatment at a low-range OLR < 2 gVS L~1d !
with HRT of 25 days (Table 2). This is due to the considerably high COD concentration of the OFMSW
of food waste averaging 252,000 mg/L. Therefore, bacteria would need a longer time to degrade
the high-strength OFMSW, and not overfeed at the same time, which could form tension in ACD.
This recommendation has been verified by Babaee and Shayegan [97], who proposed that stable
performance was achieved under an OLR of 1.4 g VS/L.day with a HRT of 25 days. This finding is also
cohesive with the findings in Mata-Alvarez, et al. [98].

Similarly, it is advised to keep ACD with crude glycerol below an OLR 2 gVS L~1d™! for VS with
similar HRT of 20-30 days as shown in Table 3. It is also important to add glycerin gradually to allow
bacteria to acclimatize to gain better results at increasing an OLR. Unlike the OFMSW and crude glycerol,
ACD of agricultural waste can accommodate a higher OLR of up to 2.35 gVS L~'d~! with a HRT of
17 days [52] (Table 4). This is due to the lower COD concentration averaging 131,000 mg/L [99,100]
compared to crude glycerol. ACD with FOG, on the other hand, was found to be working effectively
under a high OLR up to 4 gVS L='d~! with a HRT of 16 days, as shown in Table 5. A higher OLR
could increase the carbon source in the treatment. However, an OLR higher than recommended may
cause damage to technical components such as mixers or pumps, or require earlier maintenance than
scheduled. Therefore, a HRT of 20-30 days could provide satisfactory co-digestion and stable biogas
production. This is to allow sufficient time for the introduction of digesting bacteria to break down
organic matter and to generate methane.

4. Summary and Challenges of ACD of Wastewater Sludge

Table 6 summarizes the findings from the review of utilizing OFMSW/FW, CG, AW and FOG as
the co-substrates for sewage sludge-anaerobic co-digestion. Note that the comparison shown uses the
recommended or widely-used OLR and HRT of 1-2.5 gVS L='d~! and 15-30 days, respectively, as the
criteria, which is the common operating condition of a WWTDP. The mixing ratio, preferred temperature
mode, VS removal efficiency, and methane yield for each co-substrate are summarized. The ease and
effectiveness of integrating these co-substrates in the anaerobic co-digestion of sewage sludge are then
rated with the challenges outlined for future reference.
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Table 6. Summary of reviews on co-substrates (at OLR = 1-2.5 gVS L~'d~! and HRT = 15-30 days).

15 of 21

SS OFMSW/FW CG AW FOG
1 Mixing ratio (%) with respect to SS 1 100 20-50 V 05-12V 5-50V 5-50 VS
2 Preferred temperature mode 2 M T M M M/T
3 VSremoval % 22-50 24-70 52-72 25-55 36-58
4 Methane yield (L CHy g7 VS,dded) 0.22-0.25 0.17-0.38 0.29-0.65 0.10-0.37 0.16—0.50
Evaluation of the effectiveness of implementing anaerobic SS-co-digestion with the co-substrate in a WWTP:
e  Best co-substrate to e  Similar to
improve VS removal OFMSW/FW in terms Most researched.
Highly abundant; and methane yield. of abundancy and e  Transport limitation
greatly helps divert e High anaerobic impurity level control. due to LCFAs, scum
waste from landfills. bio-degradability; low e  Agri-residues contain formation and sludge
Impurity level affects impact on digester high level of flotation problems;
the operational solids management. lignocellulose limited efficiency.
5 Benefits and challenges condition; not i.deal . Simpler feed affecting digestibility. . May be more
[6,23,39,49,55] for WWTP design. implementationand e  High solids content economical than ACD
Effective source better hydrodynamics; tends to result in in
collection and lower rapid acidification; biodiesel production
segregation system; operational problems. increases solid ° Pre-treatment of FOG
increases cost . Not commonly management cost. and properly
of management. available; low e Mixing and new designed sludge bed
perception of reactor configuration are important.
biodiesel companies. are important.
6  Rating * % 2. 8. 0.8 ¢ * * k%

! Mixing ratio (%) with respect to sewage sludge: V, by volume; VS, by volatile solids. 2 Preferred temperature mode: M, mesophilic; T, thermophilic.
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Based on the above analysis (Table 6), though the highly abundant OFMSW/FW and AW are able to
improve VS removal and methane yield compared to SS mono-digestion alone, the costs associated with
solids management, and a separate source collection and segregation system to alleviate the operational
problems of the anaerobic digester would be increased [28]. And, while FOG is a potential co-substrate,
it requires pre-treatment and a sludge bed operational condition design to avoid operational problems
such as scum formation and biomass washout. A lifecycle assessment study by Tu [101] pointed out,
however, that waste FOG in the processing of biodiesel is a more effective option compared to using
it as an anaerobic co-substrate. Another approach known as dual-fuel can, nevertheless, be carried
out to separate the higher-grade layer of FOG for biodiesel production and the lower-grade layer of
FOG for anaerobic co-digestion [102,103]. Crude glycerol appears to be the best co-substrate candidate
for SS anaerobic co-digestion, as it has high anaerobic biodegradability, which is able to significantly
increase the OLR, while having minimal impact on the HRT [43]. Because it is in liquid form, crude
glycerol requires a lower investment, as it requires simple feed implementation, and has a low impact
on digestate solid management [39]. A typical anaerobic digester utilizes only 40—-50% of the influent
organic matter to convert to methane. Based on the outcome of this review, a recommendation is
provided in Figure 1 that outlines a possible way of integrating anaerobic co-digestion using waste
crude glycerol or lower-grade FOG into a WWTP to boost the methane yield, and thus offset the
energy consumption.

Influent Preliminary Primary Primary Secondary Secondary Tertiary I'reated

(Screen, grit) (Clarifier) | effluent (Aeration, clarifier) | effluent (Disinfection) | effluent

Primary
C |-—
sludge Waste activated sludge
Thickener

.

glycerol, OR Biogas for purification and
lower-grade FOG
—p]

Waste crude

Pre- Sludge treatment energy conversion

treatment (Anaerobic digestion)

>  Digestate

Figure 1. A suggested scheme for integrating anaerobic co-digestion of sewage sludge into a WWTP.
5. Conclusions

This paper summarizes the recent research on the ACD of wastewater sludge such as sewage
sludge, waste activated sludge, and thickened waste activated sludge, with some potential co-substrates.
The review shows that ACD of wastewater sludge involving co-substrates of OFMSW/FW, crude
glycerol, agricultural waste, and FOG show potential in boosting biogas production and methane yield.
ACD can also reduce costs from shared equipment, create easier handling of feedstock, and create a
more stable process in general. The main challenges in ACD technology are process instability, which
is mainly due to inappropriate substrate ratios, and operating conditions. Therefore, the anaerobic
co-digestion system needs to be designed by considering the operating conditions such as a slow
mixing system and a mixture of waste with low and high C/N ratio at the right mixing ratio. It can be
concluded that out of these four potential co-substrates, crude glycerol at a mixing ratio of 0.5-1.2 vol%,
and lower-grade FOG at 5-50 VS% are the most feasible for integration into a WWTP, in terms of
VS removal, methane yield improvement, and operational and management costs. Future research
is required focusing on the optimization of the operating parameters, kinetic and thermodynamic
modeling, cost analysis, and lifecycle assessment to further evaluate its scale-up feasibility.
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